ABSTRACT
P
roximal intracranial arterial occlusion is associated with poor functional outcome, and salvaging brain tissue at risk of infarction is of great interest. Intravenous administration of recombinant tissue plasminogen activator to recanalize the occluded artery has significantly reduced mortality and improved longterm outcomes after ischemic stroke, as shown in large clinical trials. 1, 2 Approximately 25% of patients who received IV rtPA experienced neurologic improvement within 24 hours after administration (early neurologic improvement [ENI]), [3] [4] [5] [6] [7] and the long-term functional outcome at 3 months was better than that of patients who did not experience ENI. 6, 8 Identifying factors predicting neurologic improvement shortly after reperfusion therapy with rtPA in clinical practice may help select patients who are likely to respond to IV rtPA and improve the selection of patients for more aggressive therapies, including endovascular intervention. ENI has been associated with lower baseline NIHSS scores 7 and younger age, 4, 6, 7 but not with time from onset to treatment. 4, 7, 8 Although the theory of thrombolysis predicts that early recanalization should contribute to ENI, a proportion of patients with early recanalization did not experience ENI in some studies, 9, 10 suggesting that other unspecified factors also play a role.
At the acute phase of proximal MCA occlusion, the primary collateral circulation is occasionally established via leptomeningeal anastomoses from the anterior cerebral artery and posterior cerebral artery (PCA). Hyperintense vessels (HVs) on FLAIR MR imaging [11] [12] [13] [14] and prominent PCA laterality on 3D-TOF MRA 15, 16 were reported as MR imaging radiologic markers of collateral flow. The presence of good collateral circulation before recanalization therapy is correlated with smaller infarct volume and better long-term neurologic outcome in patients with acute ischemic stroke caused by proximal MCA occlusion 17 as well as with a prolonged therapeutic time window. 18 Recently, the disappearance of collateral perfusion signs (collateral signs) on MR imaging was reported in patients with internal carotid artery occlusion in whom a high TICI flow grade was restored after immediate endovascular therapy. 19 This finding indicates that the reversion of collateral signs may be a marker of hemodynamic improvement after recanalization. 19 In this study, we focused on the development and reversion of leptomeningeal collateral circulation in acute proximal MCA occlusion and investigated their relationship with ENI and long-term outcome in the setting of thrombolytic therapy.
MATERIALS AND METHODS
For detailed methods, see the On-line Appendix. This retrospective case control study was performed on all patients admitted to 2 hospital stroke centers from April 2007 to November 2012. We selected patients with acute proximal MCA occlusion (M1 or M2 segment) who were treated with IV rtPA according to Japanese guidelines. 20 All patients routinely underwent brain MR imaging (Signa HDxt 1.5T Optima Edition; GE Healthcare, Milwaukee, Wisconsin; Magnetom Avanto; Siemens, Erlangen, Germany; or Symphony; Siemens) before rtPA and follow-up brain CT after stroke (median, 9 days; interquartile range [IQR], 6 -12 days). To assess the reversion of collateral signs, we included patients who underwent follow-up MR imaging. In accordance with the standard protocol of our institutions for patients with ischemic stroke, demographic data and information on cardiovascular risk factors and medical history, the results of diagnostic tests, NIHSS scores, and modified Rankin Scale scores at 3 months after stroke were collected. We assessed ENI, defined as a decrease in NIHSS score of Ն10 or an NIHSS score Յ2 at 24 hours after rtPA treatment. [4] [5] [6] [7] [8] Readers (E.I. and M.I.) blinded to all clinical information assessed the presence of PCA laterality and HVs on FLAIR. PCA laterality was considered present if Ն1 segmental extent was observable on axial stereoscopic images (Fig 1A) , as described in previous studies. 15, 16 If signal from both PCAs ended in the same segment, laterality was defined as negative. HVs were defined as linear or serpentine hyperintense signals relative to gray matter distal to the Sylvian fissure. 12 To quantify the degree of HV, 10 FLAIR MR imaging sections were analyzed, from 2 sections below to 7 sections above the first M1 segment in which the MCA appeared (Fig 1B) . 14 The resulting HV score ranged from 0 to 10. A large reduction in the HV score was defined as a decrease of Ն5 on follow-up MR imaging. The "development of collaterals" was defined as positive PCA laterality and an HV score of Ն5 on initial MR imaging. The disappearance of PCA laterality or the reduction of the HV score by Ն5 on follow-up MR imaging or both was defined as the "reversion of collaterals." Interrater reliability for the presence of PCA laterality and HV score grading between 2 observers were estimated; in the event of discrepancies between readers, the final result was reached by consensus. Recanalization status after IV rtPA was assessed with a modified grading system based on the Thrombolysis in Myocardial Infarction (TIMI) grade. 21 
RESULTS

Baseline Clinical and Radiologic Characteristics in Patients with Collateral Development and Reversion
From April 2007 to November 2012, 57 patients were examined for inclusion in this study; 5 were excluded for motion artifacts on MR imaging and 4 were excluded because they did not provide informed consent. Among 48 patients who met the inclusion criteria, the median age was 79 years (IQR, 70 -83 years), 46% were women, and the median initial NIHSS score was 16 (IQR, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
The location of the arterial occlusion was the M1 MCA in 35 patients and the M2 MCA in 13 patients. Development of collaterals (positive PCA laterality and HV score Ն5 at arrival) was observed in 24 (50%) of 48 patients. Twenty-five patients had PCA laterality at arrival. The signal extent of PCA in all these patients was confined to the ipsilateral side of the ischemic hemisphere (Fig 2A) . Thirty-nine patients had HV scores of Ն5, and the distribution of HV scores before IV rtPA is shown in Fig 3A .
The coefficient for interobserver agreement was 0.917 for PCA laterality and 0.772 for the grading as low, medium, or high HV score by the 2 observers, which indicated good agreement. Reversion of collaterals (disappearance of PCA laterality and/or a large reduction in the HV score) was observed in 25 (52%) of 48 patients. The collateral reversion was observed in approximately 50% of patients in each collateral marker. PCA laterality had disappeared in 13 (52%) of 25 patients (Fig 2C) , and 22 (56%) of 39 patients showed a large reduction in the HV score (Ն5) after IV rtPA (Fig 2B,  -D ). The HV score was significantly lower after IV rtPA than before IV rtPA (1 versus 6; IQR, 0 -3 versus 5-7; P Ͻ .0001; Fig 3B) .
The groups with and without reversion of collaterals were equivalent in age, NIHSS score at arrival, cardiovascular risk factors, stroke etiology, and past medication (Table 1) . Both groups were equivalent in the duration between the 2 MR imaging scans. The initial NIHSS score, DWI ASPECTS, and DWI volume did not differ significantly between the groups. The NIHSS score obtained 24 hours and 7 days after admission was significantly lower in patients with reversion of collaterals than in those without it (24 hours, 7 versus 11; IQR, 2-12 versus 6 -17; P ϭ .022; 7 days, 4 versus 8; IQR, 1-8 versus 3-14; P ϭ .008). The successful recanalization rate (TIMI 3) assessed by follow-up MR imaging was significantly higher in patients with reversion of collaterals than in those without it (23 of 25 patients versus 8 of 23 patients; P Ͻ .001). The follow-up CT ASPECTS was significantly higher in patients with reversion of collaterals than in those without it (8 versus 6; IQR, 6.5-9 versus 4 -8; P ϭ .017), indicating a smaller infarct extent (Table 1 ). Significantly more patients with reversion of collaterals had a favorable long-term functional outcome (mRS, 0 -1 at 3 months) than those without it (16 of 25 patients versus 8 of 23 patients; P ϭ .043).
Prognostic Factors of ENI and LongTerm Functional Outcome after IV rtPA in Patients with Proximal MCA Occlusion
ENI was observed in 22 (46%) of 48 patients. The group with ENI and the group without ENI were equivalent in age, NIHSS score at arrival, cardiovascular risk factors, stroke etiology, and past medication ( Table 2) . DWI ASPECTS at arrival (8 versus 8; IQR, 6.75-9 versus 6.75-8; P ϭ .33) and the arterial occlusion site (P ϭ .33) did not differ between groups. Consistent with previous research, [3] [4] [5] 7 the rate of good long-term functional outcome (modified Rankin Scale score of 0 -1 at 3 months) was significantly higher in the ENIpositive group than the ENI-negative group (16 of 22 patients versus 8 of 26 patients; P ϭ .008). The development of collateral signs was detected in a significantly greater number of patients in the group with ENI than in the group without ENI (15 of 22 patients versus 9 of 26 patients, P ϭ .042).
Univariate analysis revealed that the history of atrial fibrillation and the development of collaterals at arrival were significantly associated with ENI (Table 3) . Multivariate logistic regression analysis was performed to further evaluate the independent predictors of ENI after adjusting for age, history of atrial fibrillation, NIHSS score at arrival, and time to rtPA administration as covariates. The development of collaterals at arrival (OR, 4.82; 95% CI, 1.34 -19.98; P ϭ .015) and history of atrial fibrillation (OR, 5.32; 95% CI, 1.16 -32.1; P ϭ .031) were independently associated with ENI after adjustment for other variables (Table 3) . Univariate and multivariate analyses were performed to evaluate the prognostic factors for long-term functional outcome. In a univariate analysis, initial DWI volume and reversion of collaterals were predictive of long-term functional outcome. Multivariate logistic regression analysis was performed to further evaluate independent predictors of clinical outcome. Reversion of collaterals Table) .
DISCUSSION
We showed that the development of leptomeningeal collaterals, assessed by PCA laterality on MRA and HV score on FLAIR, was significantly associated with ENI in patients with proximal MCA occlusion treated with IV rtPA. Because the principal purpose of thrombolytic therapy is to open obstructed vessels and to reperfuse the ischemic penumbra, 23 early recanalization after IV rtPA should contribute to ENI. However, 37%-46% of patients with recanalization performed within 2 hours after IV rtPA, as assessed by transcranial Doppler, 9 or after endovascular treatment 10 showed no immediate clinical improvement or may have even worsened. In our study, the positive association observed between the development of collateral signs on MR imaging and ENI indicates that leptomeningeal collateral development may be an important factor for achieving ENI after recanalization therapy.
Several factors may explain why welldeveloped collaterals lead to ENI. First, the leptomeningeal collateral circulation plays an important role in preserving cerebral blood flow in the territory of the occluded artery. 24, 25 Well-developed leptomeningeal collateral circulation is associated with maintaining the perfusion of penumbral regions, as evaluated by using CT perfusion or MR imaging perfusion methods, 26, 27 resulting in the protection of distal brain tissues. Consistently, our recent study showed that patients with PCA laterality had a significantly smaller infarct volume, particularly in the cortical region, on follow-up CT than those without this sign who were treated with rtPA after acute MCA occlusion. 16 Second, retrograde collateral filling may allow the access of thrombolytic agents to distal clots, 28 which may minimize the ischemic damage to the structure of the distal vessels themselves. Because cerebral arteries and capillaries in the brain are impaired early and in a progressive fashion after focal cerebral ischemia, 29, 30 the degree of ischemic vascular injury can be minimized by collateral blood supply to vessels and brain tissue located within the territory of the occluded artery. These possible effects of collateral circulation may protect brain tissue and/or vessel structures from ischemic damage until MCA recanalization.
Another important finding of our study was that the collateral signs observed on MR imaging were diminished in almost half of patients with well-developed collateral signs before rtPA administration; we found a significant association between the reversion of collateral signs and long-term functional outcome. A previous study reported that HVs were observed on FLAIR in all patients with MCA occlusion within 24 hours of stroke onset and the percentage of HV-positive patients subsequently decreased in a timedependent manner, though HVs were still observed in some cases for up to 2 weeks. 31 However, the mechanism underlying these changes in collateral signs has not been well-documented. In the course of ischemic stroke, collateral blood flow should play an important role in providing blood to cerebral tissues at risk of infarction in the territory of the occluded artery. [24] [25] [26] [27] Therefore, a failure or reduction of collateral circulation may cause infarct growth in the occluded territory. In a recent study that evaluated the temporal profile of collateral flow by using modified perfusion MR imaging in patients with acute ischemic stroke, compared with initial MR imaging, the leptomeningeal collateral flow reduced 3-5 days after stroke onset in approximately onethird of patients without spontaneous recanalization. 32 In the no-recanalization group, the decrease in collateral flow was associated with infarct growth within 5 days. 32 Therefore, maintaining collateral flow may help prevent infarct growth during the acute phase of ischemic stroke if recanalization is not achieved.
We observed reversion of collaterals after thrombolysis in approximately 50% of patients with initially well-developed collaterals and significant association with favorable long-term functional outcome. Because early collateral development via leptomeningeal anastomoses after MCA occlusion is induced by a pressure gradient between the anterior cerebral artery or PCA territory and a territory distal to the MCA occlusion site, 24, 25 leptomeningeal collaterals may decrease or disappear after the occluded MCA reopens at an optimal timing because of normalization of the pressure gradient. Several studies in patients with acute internal carotid or MCA occlusion reported that HV collateral signs on initial FLAIR MR imaging disappeared within several days after early spontaneous recanalization 31 or successful vascularization via endovascular therapy. 19 In this study, reversion of collaterals was significantly associated with a high rate of successful recanalization on follow-up MR imaging. Thus, according to these findings, collateral reversion may indicate improvement in cerebral hemodynamic status. Indeed, the extent of infarction in the cortical regions (M1-M6 in ASPECTS; total score, 6) was significantly smaller in patients with collateral reversion than in those without it (median ASPECTS, 5 versus 3; P ϭ .021), but no significant differences were observed in other ASPECTS regions, such as the insular cortex, basal ganglia, and internal capsule (median ASPECTS, 3 versus 3, P ϭ .12) ( Table 1) . Because leptomeningeal collaterals, which are upstream of the penetrating cortical vessels, play a major role in compensating for low blood flow in the cerebral cortex after ischemic stroke, collateral reversion may exhibit the recovery of effective "cortical" blood flow after the optimal timing of recanalization, contributing to prevention of infarct extent. This study has several limitations. First, it was retrospective and limited by a small sample size and a nonrandomized population; and the timing for initial and follow-up MR imaging was heterogeneous. The timing of the development and reversion of collateral circulation is not well-elucidated. The timing and duration of MR imaging may influence the existence of collateral signs, though there was no significant association between the timing of the MR imaging scan and the collateral development or reversion in our study. Second, MR imaging acquisitions before and after rtPA therapy during acute ischemic stroke may be challenging in a clinical setting. The greatest benefit of rtPA therapy comes from earlier treatment, and MR imaging screening before rtPA may cause a time delay. Generalizing our results to all hospitals may be a problem because the delay in MR imaging screening might be greater in centers less specialized for emergency stroke MR imaging.
CONCLUSIONS
Recently, the Multicenter Randomized Clinical Trial of Endovascular Treatment for Acute Ischemic Stroke in the Netherlands (MR CLEAN) study reported that endovascular therapy within 6 hours of stroke onset in addition to rtPA improved functional independence at 3 months. 33 Leptomeningeal collaterals contribute to ENI after acute ischemic stroke, and the development of collateral signs on MR imaging can help identify patients more likely to show ENI in the setting of thrombolysis and help us select patients for additional endovascular therapy. Considering the results, reversion of collaterals is associated with more favorable outcome in patients with acute proximal MCA occlusion after administration of rtPA, which may be due to improved hemodynamic status. Reversion of collaterals may help us to examine the risk of recurrent stroke or infarct extent, to achieve an appropriate prevention after proximal cerebral artery occlusion.
